Abstract
Introduction 1
The impacts of ambient particulate pollution on public health have been longstanding 2 concerns for the air quality management community and regulatory authorities (Pope III, 3 2000; Seaton et al., 1995) . Regulations controlling the emission of ambient particulate matter 4 (PM) have been based on limits for PM 10 (D p ≤ 10 µm) and PM 2.5 (D p ≤ 2.5 µm); these use 5 particle mass concentrations, not particle number concentrations (PNC). Recent toxicological 6 studies have suggested that the ultrafine fraction (D p ≤ 100 nm), which is the main component 7 of ambient particles by number, are more toxic than coarser particles, per unit mass 8 (Oberdorster, 2000) . Furthermore, epidemiological studies suggest correlation between 9 exposure to ambient ultrafine particles at high number concentration, and adverse health 10 effects (Davidson et al., 2005; Peters and Wichmann, 2001 ). The lack of standard methods 11 and instrumentation for particle number measurements, and detailed understanding of the 12 influence of ambient meteorology and traffic flows on particle dispersion have been major 13 concern to design effective mitigation strategies for particulate pollution in urban areas. 14 Vehicles are the major source of ultrafine particles in urban areas (Fenger, 1999; 15 maximum (Rickeard et al., 1996; Charron and Harrison, 2003) . Accumulation mode particles 1 are formed in the combustion chamber, with associated condensed organic matter; they are 2 composed of carbonaceous agglomerates (soot particles) and ash. They are produced mainly 3 by diesel-engined or direct injection gasoline engined vehicles (Graskow et al., 1998) . 4 Over the past two decades, several groups have studied the dispersion of vehicular 5 emissions (gaseous pollutants and particulates) in urban street canyons (Boddy et measurements of fine particulates (those below 1000 nm) to aid the production and evaluation 9 of dispersion models for regulatory purposes, is acute. For micro-scale numerical modelling 10 of street canyon air pollution, the traffic-related component of ambient pollutant concentration 11 is generally assumed to be inversely dependent on above-roof wind speed, in particular when 12 solar radiation is weak, stratification is neutral, and traffic-induced turbulence is ignored 13 (Berkowicz, 2000) . The direction of the wind (cross-canyon or along canyon) is also 14 important in determining the flow and mixing processes in the street canyon and the 15 consequent pollutant concentrations (Ketzel et al., 2002) . At low wind speeds traffic-16 produced turbulence and thermal effects become important. Investigation of the dependence 17 of particle number concentrations (PNCs) on wind speed and wind direction is vital for 18 particulate dispersion models. Unfortunately, no studies could be located in the literature 19 directions were northwest (NW), north (N), northeast (NE), east (E), southeast (SE), south 1 (S), southwest (SW) and west (W), which represent the wind angles 292. conditions between cross and along canyon flow. The frequency of winds from NW, SE, NE, 7 SW, S and W were 16, 5, 3, 38, 23 and 16% respectively; indicating that only a small data set 8 was available for SE and NE, and no data was obtained for E and N winds (Fig. 3) . 9
Particle number distributions and concentrations

10
The PNDs can be described as consisting of different populations in different size-11 modes, and further quantified by the total particle number concentrations in these modes. The 12 modes were categorized as nucleation mode (N 10-30 ), accumulation mode (N 30-300 ) and coarse 13 mode (those between 300 and 2738 nm or N 300-2738 ). The average PNDs for each wind 14 direction are shown in Fig. 4 (a-f) . The PNDs were representative of a pollution originating 15 from typical urban traffic (Jones and Harrison, 2006; Roth et al., 2008) , exhibiting a strong 16 peaks at ~15 nm and another peak at ~87 nm. The peak at ~ 15 nm was attributed to the 17 particles formed by nucleation and condensation during the rapid cooling and dilution of 18 semi-volatile species from the exhaust gases with ambient air whilst the peak at ~ 87 nm was 19 attributed to particles formed in the combustion chamber, with associated condensed organic 20 matter. However, the magnitude of PNDs varied with wind direction (Fig. 4 a-f ). This 21 variability is presumably due to the different building geometries seen by the wind, the traffic 22 volume, the ambient meteorology (notably U r and wind direction), and possibly the presence, 23 strength and sense of rotation of any street canyon vortex. What is most striking about theseplots is that the magnitudes of the local maxima at 15 nm and 87 nm do not move in 1 sympathy when considering the various geometrical situations. 2
In further analysis we assume that the dependence of the PNDs on traffic volume and 3 wind speed is as commonly observed; it increases (linearly) with increasing traffic volume 4 and decreases inversely with increasing wind speed. Furthermore, if we assume that the 5 number of particles at each peak diameter (15 and 87 nm) is proportional to the total number 6 of particles in the N and N 30-300 ranges, and normalise them for each wind direction by 7 dividing by the traffic volume (T) and multiplying by U r (assuming that the number count is 8
proportional to the traffic volume and the inverse wind speed law holds), before finally 9 dividing through by the minimum value for the cross-canyon wind direction (from the SE) the can be assumed to be conserved (i.e., their concentration only changes when the air in which 6 they are suspended in is diluted by fresh, uncontaminated, air). This is discussed further in 7 Section 3.6. 8
The PNCs were obtained in selected size ranges by integrating the areas under PND 9 curves over a given size range. The average PNCs over the entire measurements in the N , 10 n are the exponents of T and U r respectively, a is a constant, E i-j (taken to be constant in this 5 study) is the average particle number emission factor (# veh -1 km -1 ) in any particle size range 6 for all vehicles in the fleet, and a w is the product of a and E i-j . 7
For the first case n must be zero. For the second case, n is often taken to be unity (the 8 inverse wind speed law holds). The inverse wind speed law arises if dilution of vehicle-9 produced particles is assumed to be proportional to above-roof wind speed (i.e., to the 10 ventilation rate of the canyon). As noted earlier, for this assumption to hold, it is also 11 important that stratifications are neutral, solar radiation is weak, and traffic produced 12 turbulence is ignored. For both cases it is assumed that m = 1, that is the particulate emission 13 is assumed to be proportional to the traffic volume. Considering these assumptions, a model 14 with two distinct regimes, reflecting the role of traffic-produced and wind-produced 15 turbulence, was proposed by modifying Eq. (1) thus: 16
where U r,crit is the critical cut-off wind speed at which the gradient (n) of the best-fit line 19 changes, and (N i-j /T m ) crit is the traffic-normalised PNC in any size range below U r,crit . Equation 20
(2) represents the flat regions (i.e., n = 0) whereas Eq. (3) represents the regions where the 21 inverse wind speed law holds (i.e., n = 1). Equations (2) speed. In this latter region, the normalised PNC data above U r,crit was used to test whether n is 13 really unity for all wind directions in each size range. The best-fit lines were drawn to this 14 data (shown in Figs. 5-10), and comparisons were made between the obtained values of n and 15 an assumed n = 1. The average values of n over all wind directions for particles in the N 10-300 , 16 N 10-30 and N 30-300 range were 1.00 ± 0.25, 0.98 ± 0.36 and 0.94 ± 0.14 (see Table 2 or Figs. 5-17 10); these were close to the assumed value (unity), confirming an inverse wind speed law in 18 each size range. Moreover, these observations also confirm that the proposed model (Eqs. overall performance of these models are shown in Table 1 by comparing the commonly used  23 following statistical indicators (Yadav and Sharan, 1996) . and desired value is zero. 5  The fraction of predictions within a factor of 2 (FAC2) -this describes the fraction of 6 the data for which 0.5 ≤ (predicted concentration/observed concentration) ≥ 2; ideal 7 value 100%. 8 Table 1 clearly reveals that using a single power law fit rather than a proposed two regime 9 model on the PNC data in each size range over the entire U r range lead to significant over 10 prediction (see difference in the values of FB) of concentrations. 11
After confirming from the above discussions that the normalised PNCs are inversely 12
proportional to the U r in the region where U r >> U r,crit , and that proposed model fit the entire 13 data set well for all wind directions, the next interesting aspect is to show the effect of wind 14 directions on normalised PNCs in both regions. 15
Role of traffic and wind produced turbulence
16
Both traffic-produced and wind-produced turbulence influence the normalised particle 17 number concentrations within the street canyon. More precisely it is both the turbulence and 18 any mean flow that might be set up by the traffic and the wind that will influence the 19 magnitude and the spatial distribution of the normalised PNC. In this paper we will not 20 consider any thermal effects both for simplicity and because they were unlikely to be of 21 significance over the measurement period (see Section 3.1). where the normalised PNCs are independent of the wind speed (n = 0). This is the expected 1 behaviour for U r << U r,crit but we will interpret this behaviour to be valid up to U r = U r,crit In 2 this case we expect the same values of normalised concentrations (y-intercepts of Figs. 5-10) 3 in each size range irrespective of wind direction. As expected, the normalised PNCs in the 4 N 10-300 range were similar, with a mean of 161 and a standard deviation of 68 (Table 2) . 5
Similarly, the normalised PNCs in N and N 30-300 ranges were 90 ± 25 and 87 ± 24 6 respectively ( Table 2) . Interestingly, the normalised PNCs in each size range were the largest 7 for the winds from the S, indicating a relatively smaller effect of traffic-produced turbulence 8 or possibly a relatively larger emission rate per vehicle. We could not see any particular 9 reason why these observations should be correlated with winds from the S. But overall our 10 observations are generally as expected, that is the PNCs in each size range in the low wind 11 speed regimes are independent of wind speed. Under higher wind speed conditions the wind-12 produced turbulence is the dominant process in the dilution of particles emitted at street level 13 

The fitting of the data with a negative unity exponent is seen to be not unreasonable. For 20 N 10-300 , the best fit values of n were 0.64, 0.85, 1.15, 1.10 and 1.27 for winds from the 21 NW, SE, SW, S and W respectively. Given the scatter of the original data it is argued 22 here that these results are consistent with a negative unity exponent that is required by 23 dimensional arguments (Table 2) . It is probably fortuitous that the average of the 5 24 calculated exponents (omitting that for winds from the NE where very little data wasavailable) was 1.00 ± 0.25. Similarly, the average values of n over all wind directions 1 for particles in the N and N 30-300 range were 0.98 ± 0.36 and 0.94 ± 0.14, 2 respectively (Table 2 ). This is particularly interesting given the findings in Section 3.6 3 (Fig. 11) that the U r,crit is affected by the relative orientation of the canyon and the wind. 4
However, there were exceptions for N 10-30 during the winds from the NW and the SW 5
where n was the smallest (0.4) and the largest (1.35), respectively. Similarly, for N 30-300 , 6 n was smallest (0.69) during winds from the SW. The reason for the smallest n for N 10-7 30 during NW can be that the data was very sparse (Fig. 5b) ; no clear explanation for the 8 remaining variation was found. However, the different flow conditions and levels of 9 wind-produced turbulence during different wind directions, as described below, could 10 be a possible reason. 11
In the wind produced turbulence regime, taken as U r >U r,crit , the magnitude of the 12 normalised PNCs due to change in wind directions is directly measured by the 13 coefficient (a w ). The estimated values of a w are shown in Table 2 However we are unable to explain the small normalised PNCs for winds from the W. 2 Interestingly, when looking at the split range of particles the a w for N and N 30-300  3 showed, in general, the same trend as explained for N 10-300 (Table 2) , with an exception 4 for N 30-300 during the winds from the NW and the SE where these were in contrast to the 5 expected results. The main reason for this seems to be the small quantity of data set 6 available for SE. 7
It can be concluded from this section that when U r < U r,crit the normalised PNCs are 8 nearly similar in each size range irrespective of any wind direction. Moreover, when U r > 9 U r,crit the particles are inversely proportional to the wind speed irrespective of any particle size 10 range and wind directions, and that effect of wind directions seems to be similar on the 11 dispersion of particles in each size range. However, the values of U r,crit are different for all 12 three size ranges, and change with changes in wind direction, which is discussed in 13 subsequent section. 14 3.6 Critical cut-off wind speed ) and the latter showed larger 24 variations for all wind directions. These observations produced two interesting questions.
Why was the U r,crit for each size range different for different wind directions? Why was the 1 U r,crit not the same for particles in N and N 30-300 ranges? These are explained as below. 2
From our analysis it is apparent that the U r,crit as defined here, is a reflection of the 3 magnitude of the coefficient a w (see Eq. 1 and Section 3.5 for details, and Table 2 for 4 values). The U r,crit has been defined as the intersection of the traffic-related and wind-5 related correlations. The first of these has been assumed independent of wind speed and 6 direction while the second varies with the "turbulence-generating capacity" of the mean 7 wind and a particular geometry. Thus when a w is large, U r,crit should also be, must 8 depend upon the wind direction. Of course, it is also important to decide whether this 9 difference is operationally important or not. 10  Fig. 11 shows that the U r,crit is always larger for N For all wind directions, the estimated C b,i-j were found to be relatively much smaller (<10%) 8 than the total PNCs in any size range. The incorporation of the estimated background 9 concentrations into Eq. (1) did not lead to any significant changes in U r,crit as shown in Fig.  10 11, except during NE winds (though the small quantity of data from which the results are 11 derived means that this results should be treated with care). 12 When the rooftop wind speed was less than a critical value, U r,crit , traffic-produced 9 turbulence dominated the mixing in the lower part of the canyon and the dilution of 10 normalised PNCs was independent of wind speed. However, when U r was greater than U r,crit , 11 wind-produced turbulence dominated the mixing in the canyon and the concentration of the 12 normalised PNCs was often found to be inversely proportional to U r . This inverse dependence 13 of concentrations on wind speed is required on dimensional grounds subject to some 14 idealisations. Initially we tested this inverse (n =1) dependence of PNCs on U r . The average 15 values of n over all wind directions for particles in the N 10-300 , N and N 30-300 range were 16
Summary and Conclusions
1.00 ± 0.25, 0.98 ± 0.36 and 0.94 ± 0.14 respectively, which were considered to be reasonably 17 close to unity. 18 This two regime model was shown to statistically provide a better fit to the data than a 19 single exponent power law model applied to the PNC data. In the wind speed dependent 20 region, the magnitude of normalised (with respect to traffic volume) PNCs in each size range 21 changed significantly with the change in wind directions (in fact, as did the value of U r,crit ).
results for all three size ranges in both traffic and wind speed dependent PNC regions were 1 almost similar for all wind directions, except the change in U r,crit . 2 Changes in U r,crit with wind direction were because the normalised PNCs for the 3 traffic-produced turbulence case was approximately independent of wind direction and 4 because the normalised PNCs for the wind-produced turbulence case did depend upon wind 5 direction (all else held equal). Thus the intercept of these two cases (that is U r,crit ) must and 6 does depend upon the wind direction. Of course, it is also important to decide whether this 7 difference is operationally important or not. The value of U r,crit for N 10-300 range was 1. for N . Interestingly, U r,crit was always smaller for N 30-300 than for N 10-30 for all wind 10 directions. This was attributed to a possible greater effect of dilution due to traffic-produced 11 turbulence on particles in the nucleation mode than on particles in the accumulation mode 12 since the nucleation mode particles are formed within the turbulent wake of a vehicle, so that 13 traffic-induced turbulence may play a much greater role in their measured number than does 14 the wind. 15 Operational dispersion models which do not include the effects of traffic-produced 16 turbulence may often lead to over prediction of concentrations, as is also shown in Table 1 . 17 While these results are preliminary, they clearly provide useful information on the dispersion 18 of particles within street canyons and on the U r,crit for particles in different size ranges which 19 could be useful for micro-scale numerical modelling of particles in urban street canyons. Of 20 course, our study is only for one canyon geometry, for a limited time period and with one 21 particular type of vehicle fleet. Clearly, the specific conditions within different canyons will 22 affect dispersion mechanisms, meaning that a great deal of more work is required in this area, 23 in street canyons of different geometrics and for different vehicle fleets. 24 Tables   1   Table 1 . Overall performance of proposed model (Eqs. 2 and 3) fitted on entire PNC data 2 (shown in Figs. [5] [6] [7] [8] [9] [10] , and the other model (best fit single power law) fitted on entire PNC 3 data (best fit line not shown in Figs. 5-10) . R is the regression coefficient, FAC2 is the 4 fraction of predictions within a factor of two and FB is the fractional bias. .ppt ere to download Figure: Fig. 11 .ppt
Acknowledgements
Please cite this article as: Kumar, P., Fennell, P., Britter, R., 2008. Effect of wind direction and speed on the dispersion of nucleation and accumulation mode particles in an urban street canyon. Science of the Total Environment 402, 82-94.
